Dishevelled-associated activator of morphogenesis 1 (Daam1), a member of the formin protein family, plays an important role in regulating the actin cytoskeleton via mediation of linear actin assembly. Previous functional studies of Daam1 in lower species suggest its essential role in Drosophila trachea formation and Xenopus gastrulation. However, its in vivo physiological function in mammalian systems is largely unknown. We have generated Daam1-deficient mice via gene-trap technology and found that Daam1 is highly expressed in developing murine organs, including the heart. Daam1-deficient mice exhibit embryonic and neonatal lethality and suffer multiple cardiac defects, including ventricular noncompaction, double outlet right ventricles and ventricular septal defects. In vivo genetic rescue experiments further confirm that the lethality of Daam1-deficient mice results from the inherent cardiac abnormalities. In-depth analyses have revealed that Daam1 is important for regulating filamentous actin assembly and organization, and consequently for cytoskeletal function in cardiomyocytes, which contributes to proper heart morphogenesis. Daam1 is also found to be important for proper cytoskeletal architecture and functionalities in embryonic fibroblasts. Biochemical analyses indicate that Daam1 does not regulate cytoskeletal organization through RhoA, Rac1 or Cdc42. Our study highlights a crucial role for Daam1 in regulating the actin cytoskeleton and tissue morphogenesis. is crucial for gastrulation (Habas et al., 2001) , whereas Drosophila Daam mutants exhibit trachea defects (Matusek et al., 2006) . These early findings suggest that Daam1 impacts tissue morphogenesis. The physiological function of mammalian Daam1 has not heretofore been fully characterized.
INTRODUCTION
Actin is one of the most highly conserved and abundant proteins in all eukaryotes (Pollard and Cooper, 2009) . It is essential for cell survival and for many fundamental cellular processes, such as cytokinesis, vesicle trafficking and cell locomotion (Campellone and Welch, 2010) . Additionally, actin filaments are major determinants of cell morphology and adhesion, which contribute to proper tissue morphogenesis (Li and Gundersen, 2008) . There are over 100 accessory proteins engaged in actin regulation in eukaryotes, e.g. nucleation, polymerization and turnover (Pollard and Cooper, 2009) . Interestingly, many of these proteins are specialized in unique aspects of actin regulation, rather than being functionally redundant. For example, Arp2/3 complex is committed to the initiation and elongation of branched actin filaments, whereas formins are required for the linear addition of actin monomers to the barbed ends of growing filaments (Sarmiento et al., 2008) .
Characteristic features of the formin protein family include two shared domains: forming homology 1 (FH1) and forming homology 2 (FH2), which are essential for mediating linear actin polymerization (Goode and Eck, 2007) . Eukaryotic species have multiple formin proteins, including Dia, Fmn, Fmnl and Daam, the activities of which are regulated by diverse signals (Schonichen and Geyer, 2010) . However, our current understanding of their physiological functions is quite limited, particularly in mammals. Through their actin regulating capacity, formins probably impact tissue morphogenesis, a biological/developmental process involving complex signaling pathways mediated by cytoskeletal dynamics (Zallen, 2007) . Indeed, Fmn1 was found to be crucial for limb development in mouse (Zhou et al., 2009) . Surprisingly, Dia1 (Diap1 -Mouse Genome Informatics) knockout mice were developmentally/morphologically normal, albeit with an agedependant myeloproliferative defect (Peng et al., 2007) . Despite that, Dia1 displays significantly stronger activity in promoting actin nucleation than do other formin family members (Higashi et al., 2008) . These findings strongly suggest that each formin plays a unique and specific physiological function, largely depending on its individual expression profile, upstream activators, localization and inherent activity.
Dishevelled-associated activator of morphogenesis 1 (Daam1) was initially identified as a protein interacting with Dishevelled (Dvl), which mediates the non-canonical Wnt/planar cell polarity (PCP) signaling pathway (Habas et al., 2001) . Daam1 localizes to the plasma membrane and cytoplasmic vesicles, and this pattern is tightly regulated by Wnt and Dvl (Habas et al., 2001; Kida et al., 2007; Kim and Han, 2007; Matusek et al., 2008) . Daam1 is inactive when it forms a closed loop between the N-terminal DID (diaphanous inhibitory domain) and the C-terminal DAD (diaphanous auto-regulatory domain). Upon binding of Dvl to DAD, Daam1 is robustly activated. It is activated to a lesser extent upon binding to Rho-GTP via the GBD (GTPase-binding domain) (Liu et al., 2008) . A previous study in Xenopus suggested xDaam 304 is crucial for gastrulation (Habas et al., 2001) , whereas Drosophila Daam mutants exhibit trachea defects (Matusek et al., 2006) . These early findings suggest that Daam1 impacts tissue morphogenesis. The physiological function of mammalian Daam1 has not heretofore been fully characterized.
Here, we have found that Daam1 is highly expressed in developing murine organs, including heart. Studies using Daam1-deficient mice reveal that Daam1 is essential for cardiac morphogenesis. At the subcellular level, Daam1 is crucial for filamentous actin (F-actin) assembly and organization, sarcomeric organization, and cell adhesion and alignment. The abnormal heart morphogenesis seen in Daam1 mutants is probably caused by abnormal Daam1-mediated cytoskeletal regulation. Biochemical studies indicate that Daam1 does not mediate its effect on the cytoskeleton through regulating activities of RhoA, Rac1 or Cdc42. Our study highlights a crucial role for Daam1 in regulating the actin cytoskeleton and tissue morphogenesis.
MATERIALS AND METHODS

Generation of Daam1 gene trap mouse model
A promoter trapped embryonic stem (ES) cell line (cell No.: RRT390) containing an insertional mutation in the mouse Daam1 gene was from BayGenomics. The gene trap vector contains a splice-acceptor sequence flanked by loxP sites subcloned 5Ј of the -geo reporter cassette, which encodes a fusion protein of the bacterial lacZ and neomycin phosphotransferase II. RRT390 embryonic stem cells were injected into blastocysts from C57BL/6J mice. The generated chimeric males were then intercrossed with C57BL/6J females to generate F1 offspring. PCR primers for genotyping were: D1 forward (on intron 3 of Daam1), 5Ј-AGCATTCTGAAAGTCATCGTCTTT-3Ј; D1 reverse (on intron 3 of Daam1), 5Ј-CCAAATTTAGAACACAGTATAGCACA-3Ј; D2 reverse (on the inserted gene trap vector), 5Ј-TATGCAGTGCTGCCATAACC-3Ј.
Primary mouse embryonic cardiomyocyte and fibroblast culture E12.5 ventricular cardiomyocytes were isolated from dissected embryonic hearts and cultured as previously described (Chen et al., 2004) . Mouse embryonic fibroblast (MEF) cells (isolated from E12.5-E13.5 embryos) were harvested and cultured as previously described (Weaver et al., 1997) .
RT-PCR and RNA in situ hybridization
Total RNA was isolated from various tissues (heart, skeletal muscle, liver and brain) using Trizol (Invitrogen). The primer sets used for Daam1 and Daam1-Geo fusion transcript are as follows: F (forward, on exon 3 of Daam1), 5Ј-GATGAACTTGACCTCACAGACAA-3Ј; R1 (reverse 1, on exon 4 of Daam1), 5Ј-AGCCATGGAATTGAGCTGAT-3Ј; and R2 (reverse 2, on lacZ of the -geo reporter cassette), 5Ј-GACAG TA TCG GC -CTCAGGAA-3Ј. The PCR products were analyzed by separation in agarose gels. qRT-PCR analyses were performed using Roche LightCycler 480. Primers are listed in Table S1 in the supplementary material. In situ hybridization was carried out as previously described (Chen et al., 2004) . Digoxigenin-labeled Daam1 riboprobes were synthesized using template plasmids kindly provided by Dr T. Yamaguchi (Nakaya et al., 2004) . All results represented at least three embryos per embryonic stage.
Immunoblot analyses
Tissues and MEF cells were lysed with RIPA buffer. Proteins were resolved in 8-12% polyacrylamide SDS gels and subsequently transferred and immunoblotted. Antibodies used were: monoclonal antibody (mAb) against Daam1 (Abcam), which recognizes the N terminus of Daam1 protein; polyclonal antibody (pAb) against Daam1 (Proteintech), which recognizes the C terminus of Daam1 protein; mAb against -catenin, Dvl2 and RhoA, and pAb against N-cadherin, ROCK1, ROCK2 and Cdc42 (Santa Cruz Biotechnology); pAb against phospho-JNK (Thr183/Tyr185), total-JNK and phospho-LIMK1 (Thr508) (Cell Signaling Technology); pAb against phospho-MYPT1 (Thr696); mAb again Rac1 (Upstate); and mAb against -actin and -actinin (Sigma). Densitometry of western blots was measured using ImageJ software.
Immunofluorescence staining
Fluorophore conjugated probes for phalloidin and wheat germ agglutinin (WGA) were from Molecular Probes. Alexa Fluor secondary antibodies were from Molecular Probes. Nuclei were stained with DAPI or PI. Photomicrographs were acquired with either a Leica microscope or an Olympus FV1000 confocal microscope using a single exposure time for the same set of sections for each staining.
RhoA, Rac1 and Cdc42 activity assays E16.5 embryonic hearts were collected for the assays. GST-PBD (for Rac1 and Cdc42) and GST-RBD (for Rho) pull-down binding assays were performed as previously described (Hallett et al., 2003) .
Cell adhesion assay
A 96-well cell culture plate was coated with 10 g/ml of rat tail collagen type I. Either MEF cells or freshly isolated E12.5 mouse cardiomyocytes were seeded at 1ϫ10 4 cells/well and incubated in a CO 2 incubator, 37°C for 60 minutes. The wells were then washed with PBS and fixed with 4% PFA. MEF cells were stained with 2% Crystal Violet. Cardiomyocytes were stained with a sarcomeric -actinin antibody. Fields of stained adhering cells were randomly selected and photographed. Cells/well were counted using ImageJ software and their relative adhesion was calculated from the ratio of adhering mutant cells/adhering wild-type or heterozygous control cells.
Wound healing assay
Wound healing assays were performed as previously described (Rodriguez et al., 2005) . The relative migration distance was calculated by the (gap distance at 0 hours -gap distance at 7 hours or 12 hours)/gap distances at 0 hours.
Echocardiographic analyses
The mice were lightly anesthetized with inhaled 1.5% isoflurane. Echocardiography was performed and analyzed as previously described (Zhu et al., 2009 ).
Statistical analyses
Results were expressed as mean ± s.e.m. for parametric data. Student's ttest and ANOVA were performed for comparison between two groups or more than two groups of parametric data accordingly.  2 test was applied for the analysis of ratios of different genotypes versus theoretical Mendelian ratios. P<0.05 was considered to be significant. (Habas et al., 2001) , it is unlikely that the fusion protein retains any actin polymerization activity. Importantly, the gene trap splice acceptor is flanked by 2 loxP sites (Lox71 and LoxP), which are designed to facilitate Cre-mediated cell lineage specific reversion of the mutant trapped allele (Skarnes et al., 1992) . Loss of function in gene trap models is dependent upon the degree of alternative splicing at the targeted locus. RT-PCR and western blot analyses revealed that, in addition to the expected Daam1-Geo fusion transcript and protein, the wild-type Daam1 transcript (Fig. 1Ba) gt/gt embryonic heart, skeletal muscle and liver, and about 25% in brain (Fig. 1Bc) , which is consistent with the qRT-PCR evaluation (data not shown). Given that wild-type Daam1 transcripts and protein were present, albeit at significantly lower levels when compared with wild-type controls, the Daam1 gt allele is a hypomorphic allele rather than a null mutation. Tissue/cell type-dependent hypomorphic activity commonly occurs in gene trap mouse models and probably reflects alternative splicing events of the endogenous gene in those tissues (Li et al., 2005) .
RESULTS
Generation and characterization of
Daam1 expression pattern in mice
The temporal and spatial expression pattern of Daam1 was evaluated by whole-mount in situ hybridization and by X-Gal staining respectively in wild-type and Daam1 mutant embryos. The expression of Daam1 was weak in the tubular heart and brain at E8.5 ( Fig. 2A) , but became more prominent at E9.5 and E10.5. An RNA signal was detected in the neural tube at E9.5; at E10.5, Daam1 expression was extended to a broader area, including somites and dorsal root ganglia. In the developing heart, Daam1 expression was broadly distributed in atria, ventricles and outflow tracts. By analyzing sections from whole-mount in situ hybridization, Daam1 expression was found in all three layers of the heart (i.e. the endocardium, myocardium and epicardium, see Fig. 2Af ). RT-PCR analyses of isolated hearts and heads from E8.5 to E10.5 further confirmed Daam1 expression, with similar temporal patterns to those observed using whole-mount in situ hybridization analyses (Fig. 2B ). X-Gal staining revealed a Daam1 expression pattern spatially and temporally similar to those obtained via whole-mount in situ hybridization (Fig. 2C) . A strong X-Gal signal is also observed in hearts from newborn mice, suggesting a potential role for Daam1 in postnatal cardiac development. However, some subtle differences are observed when comparing Daam1 expression patterns determined by whole-mount in situ hybridization with those obtained using X-Gal staining. For example, at E9.5, whole-mount in situ hybridization indicated strong Daam1 expression in the brain, whereas only weak X-Gal signal is observed. This difference can be attributed to the hypomorphic nature of the Daam1 gt allele: a specific amount of wild-type Daam1 transcripts are present in the brain of Daam1 gt/gt mice (Fig. 1B) ; consequently, the X-Gal reaction (which only detects the fusion transcript) would underestimate Daam1 expression in this tissue. As hypomorphic activity of the Daam1 gt allele is less prevalent in heart, the X-Gal reaction can be used as a faithful surrogate of Daam1 expression in heart.
305
RESEARCH ARTICLE
Daam1 is required for heart morphogenesis Last, the subcellular localization of Daam1 in the developing heart and neural tube (E12.5) was examined using a specific antibody against the Daam1 C terminus (see Fig. 2D ). Daam1 protein displays a punctate staining pattern in the cytoplasm and cell membrane of cardiomyocytes and neurons, which is consistent with the subcellular localization pattern previously reported in other cell types (Kim and Han, 2007) . The Daam1 signal is minimal in Daam1 mutant cardiomyocytes. The staining is present in Daam1 mutant neurons, albeit at a significantly reduced level as compared with wild-type controls. These results are consistent with RT-PCR and western blot results (Fig. 1B) and the hypomorphic feature of the mutant. (g)High magnification of the boxed area in f. avc, atrioventricular cushion; drg, dorsal root ganglion; ec, endocardium; epc, epicardium; ht, heart; mc, myocardium; nt, neural tube; oft, outflow tract; s, somites; lv, left ventricle; rv, right ventricle. (D)Daam1 immunofluorescence staining of the developing heart and the neural tube (E12.5) on cryosections using a C-terminus-specific antibody. (g,p)Stained without applying Daam1 antibody as negative controls. ventricular noncompaction with various degrees of severity (Fig.  3C ). There was no significant difference in heart weight/body weight ratios between Daam1 gt/gt survivors and wild-type mice (Fig. 3Da) . Echocardiographic analyses at 2 and 6 months of age revealed relatively normal systolic cardiac function in Daam1 gt/gt mice, despite the increase in diastolic LV wall thickness ( Fig. 3Db; see Tables S4 and S5 in the supplementary material), which is consistent with the ventricular noncompaction observed histologically (Fig. 3C ). (Moses et al., 2001) . Cre activity can be observed at the cardiac crescent as early as E7.5, becoming stronger in the developing heart by E10.5 (Moses et al., 2001) . Cre-mediated recombination of the Daam1 gt allele will lead to the excision of the floxed splice acceptor in the gene-trap cassette and consequently restore normal splicing activity (i.e. reversion to wild-type gene expression). Reversion of the allele is readily monitored by the loss of the X-Gal signal (Fig. 4A) . Indeed, a marked reduction of the XGal signal intensity was observed in the heart and outflow tract of Fig. S1 in the supplementary material). Abnormal cell proliferation and/or apoptosis can result in a variety of heart defects, including DORV, VSD and ventricular noncompaction (Gittenberger-de Groot et al., 2005) . Although Formin proteins have been implicated in cell proliferation and apoptosis (Goode and Eck, 2007) , Daam1 deficiency does not appear to significantly impact these activities in the developing heart (see Fig. S2 in the supplementary material).
Characterization of the phenotype of
Daam1 is required for proper actin cytoskeleton and sarcomeric organization in cardiomyocytes
Previous in vitro studies have demonstrated that Daam1 regulates filamentous actin (F-actin) assembly (Higashi et al., 2008; Moseley et al., 2006) . However, the impact of Daam1 on the actin cytoskeleton has not been examined in an in vivo mammalian system. F-actin is a key cytoskeletal component that is important for cell adhesion, migration and muscle contraction. F-actin can be polymerized by either -actin or -actin, the predominance of which depends on cell types. Thus, we first determined the relative abundance of  and -actin in mouse embryonic cardiomyocytes. Western blot revealed that -actin is abundant in E12.5 heart lysates, but is not detected in isolated E12.5 mouse embryonic fibroblasts (MEFs), whereas -actin is robustly expressed in fibroblasts, but expressed at a very low level in E12.5 hearts. -Actin and -actin immunostaining of cultured cardiomyocytes and MEF cells confirms the western blot findings (see Fig. S3 in the supplementary material) . These findings were expected, as -actin is one of the fundamental structural components of thin filaments in sarcomeres, which are abundant in cardiomyocytes. Our observations are consistent with previous analyses on actin isoforms in cultured neonatal rat cardiomyocytes (Skwarek-Maruszewska et al., 2009 ). Thus, F-actin in mouse embryonic cardiomyocytes predominantly comprises -actin, and alterations in F-actin are primarily associated with changes in -actin.
Next, we examined the potential impact of Daam1 deficiency on F-actin formation in cultured embryonic cardiomyocytes in the presence or absence of serum. Lysophosphatidic acid, an important component of serum, regulates the Rho-GDP to Rho-GTP switch (Ridley et al., 1992) . Rho-GTP activates Daam1, which in turn regulates actin polymerization (Liu et al., 2008) . Thus, similar to the previous study (Liu et al., 2008) 
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Daam1 is important for cell adhesion in cardiomyocytes As the actin cytoskeleton is essential for cell-cell and cellextracellular matrix (ECM) adhesion, we examined whether there are adhesion defects in Daam1 gt/gt cardiomyocytes. -Catenin, an actin-binding protein, links cadherin to the actin cytoskeleton at sites of cell-cell contacts called adherens junctions (Noorman et al., 2009 (Fig. 6A) .
Interestingly, the protein expression levels of -catenin and N-RESEARCH ARTICLE Development 138 (2) cadherin are not altered in Daam1 gt/gt hearts (see Fig. S4 in the supplementary material). These observations suggest a potential cell-cell junction defect. Indeed, TEM reveals adherens junctions in Daam1 gt/gt cardiomyocytes are aberrant, with prominent plaques and misalignment alongside the plasma membrane (Fig. 6B) . Interestingly, desmosomes, another type of cell-cell junction structure, which are anchored to intermediate filaments, appeared normal in Daam1 gt/gt cardiomyocytes. Normal cell-cell adhesion has been suggested to be a pre-requisite for proper cell alignment in cardiomyocytes (Matsuda et al., 2005) . Cell alignment is significantly compromised in the developing ventricular myocardial walls of Daam1 gt/gt animals (Fig. 6C) . Proper interaction between cardiomyocytes and the ECM is crucial for normal heart structure and function (Weber et al., 1994) . Collagen (Fig. 7A) . Small GTPases, including RhoA, Rac1 and Cdc42 all play essential roles in regulating actin cytoskeletal organization (Jenny and Mlodzik, 2006) . RhoA has been proposed to be an effector of Daam1 in actin regulation (Habas et al., 2001) . Activities of these small GTPases were analyzed in Daam1-deficient hearts where aberrant actin cytoskeletal organization was evident. Interestingly, no overt change in abundance of RhoA, Rac1 and Cdc42 nor in ROCK 1 & 2 (downstream targets of RhoA) was observed in Daam1-deficient hearts when compared with controls (Fig. 7B) . Similarly, the phosphorylation status of LIMK1 and MYPT1 (the ROCK 1/2 downstream substrates) (Olson, 2008) , as well as JNK (Rac1 and Cdc42 effectors) (Bishop et al., 2000) was not altered in Daam1-deficient hearts. Pull-down assays further revealed that there is no change in the levels of activated RhoA, Rac1 and Cdc42 in Daam1 gt/gt hearts when compared with wild-type controls (Fig.   7C ). These data collectively suggest that the regulation of actin cytoskeleton assembly and organization by Daam1 is not mediated by regulating these small GTPase activities. Fig. 8C,D) .
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DISCUSSION
Daam1, as a formin protein, contains characteristic FH1 and FH2 domains, which are pivotal in mediating actin polymerization (Goode and Eck, 2007) . Previous work has suggested that Daam1 is an important signaling protein mediating the non-canonical Wnt/PCP pathway (Habas et al., 2001 ), which governs cell polarity and alignment during tissue morphogenesis and organogenesis (Zallen, 2007) . The potential impact of Daam1 on Drosophila and Xenopus development has been evaluated, although the mutant phenotypes were discrepant (Habas et al., 2001; Matusek et al., 2006) . This may be partially attributed to the evolutionary distance between species. The biological function of mammalian Daam1 has not heretofore been analyzed. Here, we generated a Daam1-deficient mouse model and examined the potential role for Daam1 during tissue morphogenesis, in particular, heart morphogenesis. (C)Small GTPase activation assays. GTPbound RhoA in E16.5 heart lysates was pulled down using GST-RBD and detected with RhoA-specific antibody. GTP-bound Rac1 and Cdc42 were pulled down using GST-PBD and detected with Rac1-and Cdc42-specific antibodies. RhoA, Rac1 and Cdc42 in lysates were detected by the above antibodies. GTPS treatment served as positive controls for binding assays, and GAPDH served as a total protein loading control.
capacity of directly mediating actin polymerization in vitro (Higashi et al., 2008; Moseley et al., 2006) , we closely examined potential alterations of cytoskeletal organization in Daam1 gt/gt mice. Our work demonstrates that there is a significant reduction of F-actin in Daam1 gt/gt myocardia and aberrant sarcomeric organization, cell adhesion and alignment in Daam1 gt/gt cardiomyocytes. Interestingly, Daam1 was also found to be important for proper lamellipodia formation and related cellular functions (e.g. adhesion and migration) in fibroblasts. Collectively, these observations corroborate the ability of Daam1 to regulate actin organization in vivo and reveal its essential role in tissue morphogenesis. Tissue morphogenesis and organogenesis are accomplished through a series of actin-based cellular activities, such as coordinated cell movement and alignment. In heart, correct alignment of the great arteries, closure of the ventricular septum and compaction of ventricular trabecular myocardium all require proper movement and alignment of cardiomyocytes. Thus, the cardiac defects seen in Daam1 gt/gt mice very probably derive from the aberrant cytoskeletal architecture and function in Daam1 gt/gt cardiomyocytes.
It has been proposed that Daam1 regulates cytoskeletal organization through modulating RhoA activity (Habas et al., 2001; Jenny and Mlodzik, 2006) . On the contrary, several in vitro and in vivo studies have demonstrated that Daam1 acts downstream of RhoA (Aspenstrom et al., 2006; Matusek et al., 2006 (Liu et al., 2008) . However, our data suggest that Rac1, and also RhoA and Cdc42, do not respond in a compensatory manner to the disruption of the cytoskeleton by Daam1 deficiency. Previous studies using loss-of-function mouse mutants targeting potential Wnt/PCP pathway upstream components (e.g. Wnt5a, Wnt11, and Dishevelled2) have suggested that the non-canonical Wnt/PCP pathway plays a crucial role in cardiac morphogenesis (Hamblet et al., 2002; Schleiffarth et al., 2007; Zhou et al., 2007) . Interestingly, these mutants exhibited similar cardiac defects to those observed in Daam1 gt/gt mice: DORV and VSD. Furthermore, similar alterations in cytoskeletal architecture and function found in Daam1-deficient mice, including reduced myocardial F-actin levels, disrupted cell-cell adhesion and poor cardiomyocyte alignment, are also observed in Wnt11 knockout mice and Scrib (a PCP gene) mutant mice (Phillips et al., 2007) . In addition, the 313 RESEARCH ARTICLE Daam1 is required for heart morphogenesis 
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activity of Daam1 has been shown to be regulated by Wnts and Dishevelled2 in the Wnt/PCP pathway (Habas et al., 2001; Liu et al., 2008) . Thus, our data suggest that Daam1 potentially plays an effector role for the Wnt/PCP signaling during heart morphogenesis.
It is of interest to note that about 10% of Daam1 mutants survived to adulthood. Given that the Daam1 gt allele encodes low levels of wild-type Daam1 transcripts, it is likely that Daam1 expression in some mutant animals exceeded a threshold required for viability. It is also possible that there are modifier genes compensating for the Daam1-deficiency in the mutant survivors, as the mice are maintained in a mixed 129Sv/C57 background. The mutant survivors appeared grossly normal, and showed relatively normal systolic cardiac function, despite the presence of isolated ventricular noncompaction. The Daam1 gt/gt survivors are thus rather unique, as the majority of other existing ventricular noncompaction mouse mutants exhibit other cardiac defects and die in utero or at birth ). The etiology of ventricular noncompaction in humans is complex and is probably caused by multi-genetic factors. The results obtained here suggest Daam1 is a novel candidate gene linked to ventricular noncompaction clinically. In summary, this study demonstrates that the formin protein Daam1 is essential for cardiac morphogenesis. At the subcellular level, Daam1 is crucial for the regulation of actin and its derivative structures such as sarcomeres and cell junctions, and consequently for normal cytoskeletal architecture and function. Our study highlights a critical role for Daam1 in regulating the actin cytoskeleton and tissue morphogenesis. 
